Cuticles, which are composed of a variety of aliphatic molecules, impregnate epidermal cell walls forming diffusion barriers that cover almost all the aerial surfaces in higher plants. In addition to revealing important roles for cuticles in protecting plants against water loss and other environmental stresses and aggressions, mutants with permeable cuticles show major defects in plant development, such as abnormal organ formation as well as altered seed germination and viability. However, understanding the mechanistic basis for these developmental defects represents a significant challenge due to the pleiotropic nature of phenotypes and the altered physiological status/viability of some mutant backgrounds. Here we discuss both the basis of developmental phenotypes associated with defects in cuticle function and mechanisms underlying developmental processes that implicate cuticle modification. Developmental abnormalities in cuticle mutants originate at early developmental time points, when cuticle composition and properties are very difficult to measure. Nonetheless, we aim to extract principles from existing data in order to pinpoint the key cuticle components and properties required for normal plant development. Based on our analysis, we will highlight several major questions that need to be addressed and technical hurdles that need to be overcome in order to advance our current understanding of the developmental importance of plant cuticles.
Introduction
In higher plants, a cuticle covers the outer epidermal surface of most above-ground tissues, such as leaves, fruit, and floral organs. The cuticle is well known for its functions as a diffusion barrier limiting water and solute transport across the apoplast and for its protection of the plant against chemical and mechanical damage, as well as pest and pathogen attack (Riederer, 2006) .
The cuticle is composed of the polyester cutin, containing oxygenated and unsubstituted fatty acids, glycerol, and phenolic acids, that is impregnated by waxes of very-long chain fatty acids (VLCFAs) and their derivatives. Most cutins contain large amounts of hydroxylated fatty acids, as well as glycerol and hydroxycinnamic acid derivatives, forming a complex aliphatic polyester network that is synthetized on the surface of the outer epidermal cell wall and may be covalently linked to it (Kolattukudy, 2001; Fich et al., 2016; Pollard et al., 2008) . However, cutin rich in diacids contains high amounts of glycerol, suggesting the formation of a true glycerol-diacid-polysaccharide co-polyester with different properties (Yang et al., 2016) . The composition and structure of the cuticle vary widely not only between different species, but also between different organs of the same species, as illustrated in Fig. 1A -C (Jeffree, 2006) . In addition, both the composition and the ultrastructure of cuticles may differ dependent on the protocol used to analyze the samples, making comparison of independent studies difficult (Bonaventure et al., 2004; Franke et al., 2005; Shumborski et al., 2016) .
One of the most fascinating features of the cuticle is that it is laid down, de novo, on the surface of the L1 (epidermal) cell layer during early embryo development (Fig. 1D ) and then grows continuously with the plant, maintaining its function as a diffusion barrier. During development, the composition, ultrastructure, and properties of the cuticle change extensively in a manner influenced by both developmental and environmental factors. After the expansion of the epidermal cells has ceased, the cuticle matures, accompanied by alterations in its composition and cross-linking of its polymer (Riederer and Schönherr, 1988; Heide-Jorgensen, 1991; Jeffree, 1996 Jeffree, , 2006 Suh et al., 2005; Dominguez et al., 2012; Shumborski et al., 2016) .
Most attention has been given to studying the structure, properties, and functions of the mature cuticles of organs exposed to the aerial environment. However, cuticles of organs that are still very young and are embedded within surrounding tissues, such as within buds, around meristems, or within developing seeds, have key functions for plant development. These cuticles and their different roles will be reviewed here. Furthermore, the challenging question of connecting their poorly characterized structure, composition, and properties to their functions will be discussed.
Cuticle functions during the development of vegetative and floral organs
The cuticle prevents post-genital organ fusion.
Despite the fact that plant organs are tightly appressed to each other as they arise from the flanks of meristems, or when they are enclosed within buds, they typically do not adhere to each other, but are able to separate and expand individually, often sliding past each other as they grow ( Fig. 2A, B ). This is due to the unique features of plant epidermal cells, which may also explain why these cells do not form graft unions or contribute to wound closure (Walker and Bruck, 1985; Verbeke, 1992) . Despite this general rule, plant organ fusion does occur, but is a highly developmentally regulated event observed only in certain organs and at precise developmental stages. A good example is carpel fusion, which has been investigated in several species including Catharanthus roseus (the Madagascar periwinkle), maize, and Arabidopsis. The very restricted zones implicated in these fusion events suggest that they are underlain by tightly regulated developmental programs (Walker, 1975; Verbeke and Walker, 1986; Li et al., 2016; Vialette-Guiraud et al., 2016) .
Numerous Arabidopsis mutants show ectopic or inappropriate organ fusion. In such mutants organs do not develop normally because their vegetative and/or floral organs fuse to each other early during development, leading to severely distorted growth (Lolle et al., 1992 (Lolle et al., , 1998 Yephremov et al., 1999; Wellesen et al., 2001; Krolikowski et al., 2003; Kurdyukov et al., 2006a, b) . When shearing forces between fused organs become too strong, tissue rupture close to the area of fusion may occur, wounding the organ (Wellesen et al., 2001) . In these mutants, rosette leaves may fuse to other leaf primordia and cauline leaves to floral organs or stems. Floral organs can also fuse to each other, indicating that the organs of such mutants are fusion competent over an extended time period and at multiple developmental stages (Lolle et al., 1992; Yephremov et al., 1999; Sieber et al., 2000; Wellesen et al., 2001) . Many genes that are essential for the prevention of organ fusion have a function in cutin biosynthesis in the organ involved, such as LACERATA (LCR), BODYGUARD (BDG), ATP-BINDING CASSETTE PROTEINs G11 and G13, as well as HOTHEAD (HTH) in Arabidopsis (Wellesen et al., 2001; Kurdyukov et al., 2006a, b; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2010 Panikashvili et al., , 2011 Jakobson et al., 2016) . The precise biochemical activities encoded by these genes have been discussed in detail in the past as well as in this Special Issue, and will not be discussed here (Beisson et al., 2012; Nawrath et al., 2013; Delude et al., 2016) . In further support of the idea that the cutin component of the cuticle is critical in preventing organ fusion, expression and secretion of fungal and plant cutinases in Arabidopsis leads to organ fusion and associated organ distortions (Sieber et al., 2000; Takahashi et al., 2010) .
Interestingly, a few cutin mutants of Arabidopsis do not show organ fusions but only a limited growth reduction, such as the double mutant gpat4 gpat8 affected in the redundantly acting glycerol-3-phosphate acyltransferases 4 and 8 (Li et al., 2007) . Crossing the gpat4 gpat8 mutant with the ABCG transporter mutant pec1/abcg32, which is also defective in cutin formation but has a normal growth habit, leads to strong dwarfism in gpat4 gpat8 pec1 triple mutants as well as to organ fusions, suggesting that growth reduction and organ fusions may reflect different degrees of severity of the same basic defect (Fabre et al., 2016) .
Organ fusions and growth reduction have also been observed in rice mutants, for example the knockout of the HOTHEAD-homolog in rice ONION3 (ONI3) leads to both dwarfism and organ fusion (Akiba et al., 2014) . In these mutants, in addition to growth reduction, leaves have been reported to be harder and more brittle than those in wildtype plants, hinting at cell wall modifications. Transgenic rice lines having a reduced expression of the rice PERMEABLE CUTICLE1 (PEC1) homolog ABCG31 showed a tight correlation between the severity of cuticle deficiencies and growth reduction . The rice GDSL lipase mutant wilted dwarf lethal (wdl) has similar phenotypes, linking cuticle permeability to plant growth (Park et al., 2010) . The abcg31 and wdl mutants are phenotypically similar to the rice oni mutants, oni1, oni2, and oni3, which show a high rate of germination failure and early seedling lethality. It is therefore possible that seedling lethality and germination failure in abcg31 and wdl are caused by early organ fusion events that had been overlooked, although this remains to be investigated (Ito et al., 2011; Tsuda et al., 2013; Akiba et al., 2014) . (Fabre et al., 2016) , the adaxial side of the petal (C), and the cotyledons of the mature green embryo (D) of wild-type Col-0 (A, C, and D). The cell wall-cuticle continuum in the fusion zone of leaves of bdg (E) (Kurduykov et al., 2006a; www. plantcell.org; Copyright American Society of Plant Biologists) and fdh (F) (Voisin et al., 2009) showing cell wall fusions and cuticle fusions, respectively. The endosperm cuticle of wild-type Col-0 (G) and bdg having structural modifications (H) (de Giorgi et al., 2015) . WT, wild type; Cu, cuticle; CP, cuticle proper; CL, cuticle layer; CW, cell wall; Te, testa; yL, expanding leaf; eL, fully expanded leaf; p, petal; em, embryo; en, endosperm. Scale bars represent 250 nm in (A-F) and 500 nm in (G) and (H).
The reasons for the tight linkage between growth and cuticle defects might be multiple, possibly including diminished turgor pressure because of increased water loss through the permeable cuticle, reduced CO 2 uptake because of water loss-induced stomatal closure, or extensive transcriptional reprogramming in response to the failure of cuticle structure and/or function, as described below (Voisin et al., 2009 ). In addition, perturbed growth hormone responses have been observed in some cuticle mutants, such as alterations in the response to cytokinin in dcr and gpat4 gpat8 mutants (Wu et al., 2015) . Furthermore, the synthesis of abscisic acid (ABA) in response to osmotic stress is diminished in several cuticle mutants, including bdg, lacs2, and gpat4 gpat8 which may further impact growth performance under stress conditions (Wang et al., 2011) . However, the links between cuticle formation and cytokinin responses or ABA biosynthesis remain poorly understood. Finally, it cannot be excluded that changes in cuticle composition in young developing organs lead to changes in the mechanical properties of the nascent cuticle, physically impeding growth. However, although such mechanisms have been investigated in expanding fruits (Dominguez et al., 2011) , their importance in developing primordia remain hypothetical.
Organ fusions can be linked to defects in epidermal development
In addition to genes that are directly involved in the formation of cutin, organ fusions have been identified in several other mutants that show cuticle defects, possibly due to a failure in epidermal identity specification. These include mutants in the receptor-like kinase (RLK)-encoding CRINKLY4 gene in maize, and mutants in the CRINKLY4-homolog in Arabidopsis (AtCR4) (Becraft et al., 1996; Jin et al., 2000; San-Bento et al., 2014) . Double mutants lacking the leucinerich repeat RLKs GASSHO1 and GASSHO2 (Tsuwamoto et al., 2008) , and mutants lacking the RLK ABNORMAL LEAF SHAPE2 (Tanaka et al., 2007) both show cuticle defects, and interestingly demonstrate synergistic genetic interactions with Atcr4 mutants (Tanaka et al., 2007; SanBento et al., 2014) . Finally, plants with reduced expression of the phytocalpain DEFECTIVE KERNEL1 (DEK1) show epidermal defects and associated cuticle permeability (Galletti et al., 2015) . Interestingly the key epidermal cell fatespecifying transcription factor ATML1 is down-regulated in plants lacking ACR4 and in plants lacking DEK1 (San-Bento et al., 2014; Galletti et al., 2015) . Plants expressing ATML1 fused with a transcriptional repressor sequence show classical cuticle-defective phenotypes including increased permeability and organ fusions (Takada et al., 2013) , suggesting that reduced ATML1 expression may be one reason for cuticular defects in Atcr4 and dek1 mutants.
To date, the exact link between epidermal identity specification and organ fusion has not been fully elucidated. However, it seems likely that a relatively simple explanation may underlie this phenomenon, namely that the expression of genes encoding cuticle biosynthetic enzymes is regulated by proteins that are also implicated in epidermal cell fate specification. Indeed, ectopic expression and overexpression of ATML1 leads to ectopic expression and overexpression of genes involved in cuticle formation, such as FIDDLEHEAD (FDH) and ECERIFERUM5 (CER5) in Arabidopsis (Takada et al., 2013) . Both AtCR4 and DEK1 are necessary for the maintenance of ATML1 expression (Johnson et al., 2005; San-Bento et al., 2014) . However, whether ATML1 and other members of the HDZIP-IV class of transcription factors (HDGs) directly regulate genes involved in cuticle biosynthesis remains to be demonstrated. It is possible that they act more indirectly by regulating the expression of other transcription factors known to affect cuticle production, including members of the bHLH, AP2, and MYB families. Nonetheless, the HDG1 protein has been proposed to play a direct role in controlling the expression of genes involved in cuticle biosynthesis (Wu et al., 2011) .
Several genes that are involved in the formation of VLCFAs have important roles for cuticle formation beyond their direct function in the formation of aliphatic wax components, most probably since they are also involved in the synthesis of other compounds, such as sphingolipids. Interestingly some of these genes profoundly affect epidermal development, muddying the water with respect to the relationship between cuticle biosynthesis and epidermal identity. The Arabidopsis elongase-3-hydroxyacyl-CoA dehydratase PASTICCINO2 plays a critical role in epidermal development in the embryo (as discussed below), and loss of function of the enoyl-CoA reductase/CER10 causes fusions between floral organs in Arabidopsis (Zheng et al., 2005; Bach et al., 2008) . Mutations in the β-ketoacyl-CoA synthase (KCS)-encoding FDH gene in Arabidopsis and its homolog ONION1 (ONI1) in rice as well as the rice KCS gene ONI2 lead to dwarfism and formation of organ fusions (Yephremov et al., 1999; Efremova et al., 2004; Tsuda et al., 2013; Akiba et al., 2014) . Despite the fact that FDH is a functional fatty acid elongase, analyses of cutin and wax composition on fully developed rosette leaves have failed to reveal changes in the fatty acid elongation of cuticular components (Yephremov et al., 1999; Voisin et al., 2009) . In contrast, the fdh mutant has been reported to accumulate higher amounts of cutin and wax than wildtype plants. Similar phenotypes have been reported for fully developed rosettes of lcr and bdg mutants (Kurdyukov et al., 2006a; Voisin et al., 2009) . In accordance with this, transcriptome analyses have shown that a common set of 89 genes are overexpressed in fdh, lcr, and bdg mutants, comprising a large number of genes known for their function in polyester and wax biosynthesis, explaining the increased accumulation of cuticular components in the mature organs (Voisin et al., 2009) . Furthermore, changes in the expression of genes involved in cell wall biosynthesis and defense have been observed. Interestingly, in young expanding leaves of bdg, a failure in cutin synthesis with no changes in wax accumulation was recently described, suggesting that the altered gene expression and subsequent overaccumulation of cuticular material are likely to be a late response to the defective cuticle (Jakobson et al., 2016) .
Meta-analysis of the gene expression patterns of organ fusion mutants revealed that SERRATE (SE), a protein of the RNA-processing multiprotein complex playing a role in regulating leaf development and morphology, may act as an enhancer of organ fusion. The double mutants se lcr and se bdg have no organ fusions but show high levels of leaf serration and a lower cuticle permeability, supporting the notion that organ fusion may be the result of a transcriptional program that is triggered in plants having a permeable cuticle (Voisin et al., 2009) . The pleiotropic phenotypes seen in rice mutants, which are similar in nature to those reported in Arabidopsis but are more severe, suggest that similar programs are activated in monocotyledonous and dicotyledonous plants. In the rice oni2 mutant, a marker gene of epidermal development, ROC1, has a dramatically reduced expression level, and epidermal cells are not properly differentiated, indicating that defects in VLCFA biosynthesis in the cuticle may lead to strong effects on plant epidermal development (Tsuda et al., 2013) . ONI1 and ONI2, like FDH, are strongly expressed in the epidermis. FDH cannot, however, complement the oni1 mutant, suggesting that the enzymatic activity of these proteins may differ. Interestingly, no significant loss of epidermal identity has been reported in fdh or any other cuticle mutant, even in fusion zones.
Properties and ultrastructure of the cuticle during organ fusion.
Consistent with their link to epidermal identity, genes necessary for the prevention of organ fusion are usually strongly expressed in the L1 layer of organ primordia (Yephremov et al., 1999; Pruitt et al., 2000; Wellesen et al., 2001; Kurdyukov et al., 2006a; Voisin et al., 2009) . Differences in the specific components involved in cutin biosynthesis, or in the regulation of their expression, in emerging organs may explain why organ fusions in different mutants may only be observed at specific developmental stages or in specific organs. For example, the gassho1/gassho2 double mutant has an increased cuticle permeability and organ fusion in embryos and seedlings but a normal cuticle in true leaves (Tsuwamoto et al., 2008) . Similarly maize plants lacking the FUSED LEAVES (FDL1) transcription factor (ZmMYB94) also show organ fusions specifically in the embryo and young plant (La Rocca et al., 2015) . The long chain Co-A synthetase2 (lacs2) mutant plants have a highly permeable cuticle in expanded leaves, but nearly no organ fusions (Bessire et al., 2007) . However, the double mutant lacs1 lacs2 shows organ fusions indicating functional redundancies in the primordia among the LACS family members (Weng et al., 2010) . Finally, bdg has deficiencies in cutin formation early during leaf development and only has fusions in leaves, but not in flowers where a number of other BDG homologs are expressed, probably exerting redundant functions (Kurdyukov et al., 2006a; Shi et al., 2011) . Globally, the expression patterns and phenotypes associated with these genes suggest that organ fusions reflect defects in cuticle permeability early during the development of the affected organ, and highlight the complexity in the genetics and regulation of the cutin biosynthetic pathway.
The ultrastructure of cutin deposits may vary dramatically between the mature cuticle on a fully developed organ and the cuticle at the point of organ fusion. In numerous genotypes displaying organ fusions, such as lcr, bdg, lacs2, and pec1, no or only very little electron-opaque material can be seen in TEM at the point of fusion (Fig. 1E) , similar to the situation in cutinase-expressing transgenic plants (Sieber et al., 2000; Bessire et al., 2007 Bessire et al., , 2011 Voisin et al., 2009) . This suggests that the cell walls directly fuse without the cuticle playing a direct role (Fig. 2C ). This is strikingly similar to the situation in 'programmed' fusion events occurring during wild-type plant development, such as during carpel fusion in C. roseus (Walker, 1975) . In contrast, disorganized cuticles accumulating high amounts of cutin have been observed in unfused areas of mature rosettes of lcr and bdg, in accordance with the increased expression of genes involved in cuticle formation (Voisin et al., 2009) . Although the composition and amounts of cuticular components in the fdh mutant have been reported to be similar to those in lcr and bdg mutants, the ultrastructure of the fdh cuticle does not resemble the cuticle in these mutants, and is not obviously different from that in the wild type. Nevertheless, the permeability of the cuticle of mature leaves in fdh is even higher than in other cuticle mutants (Lolle et al., 1998; Voisin et al., 2009) . A visually normal cuticle is also present in the zones of organ fusion in fdh, suggesting unidentified differences in the fusion process and associated physiological responses that might be reflected in broader transcriptional changes identified in fdh than in bdg and lcr (Voisin et al., 2009) (Figs 1F, 2D ).
Potential mechanisms of formation of organ fusions
The molecular mechanisms underlying formation of organ fusions in plants having an abnormal cuticle have not yet been elucidated. Adhesion between different cells within the same tissue is generally considered to depend on homogalacturonan in the middle lamella and pectin-dependent signaling (Daher and Braybrook, 2015; Verger et al., 2016) . One possibility is that in cutin-deficient mutants, the homogalacturonans within the outer epidermal cell wall are not sufficiently 'masked' by cuticle components at early developmental stages, leading to the formation of inappropriate interorgan adhesions. This possibility is supported by an increased detection of pectin epitopes in the cell walls of the maize adherent1 mutant (Sinha and Lynch, 1998) . More recently, the expression of a pectin methylesterase inhibitor in Arabidopsis was shown to lead to the formation of organ fusions (Müller et al., 2013) . Another non-exclusive possibility that has been proposed is that, because the cuticle represents a diffusion barrier, it might limit the exchange of mobile signals, thus preventing interorgan communication and keeping organs separate (Lolle and Pruitt, 1999) . Interestingly, studies carried out during the post-genital fusion of the carpels of C. roseus suggest that the fusion process involves the movement of diffusible 'morphogens' across appressed cuticles, which ultimately lead to epidermal dedifferentiation and altered division planes at the point of fusion (Verbeke and Walker, 1986) . A defective diffusion barrier could allow similar signal exchanges leading to adhesion and fusion of the organs when they are in close contact during early growth stages. However, organ fusions in cuticle-defective mutants are rarely associated with a loss of epidermal identity. Globally however, it does appear that the appearance of organ fusions may correlate with the permeability of the cuticle in the primordium or the young organ. In order to better understand the organ fusion process, it may be necessary to investigate the permeability of the cuticle to different types of molecules at the time when it is still competent for organ fusion, since neither the composition and amount, nor the cuticle thickness/ultrastructure can be taken as a measure for the cuticle permeability (Sadler et al., 2016) .
Despite the open questions as to the molecular mechanism leading to formation of organ fusions, organ fusions are generally considered as being a reliable indication of functional cuticle impairments and have contributed thus not only to the identification of multiple components of cuticle biosynthetic pathways in higher plants, but also, more recently, to the exciting and novel finding that phenolic monomers, more similar to those found in lignin, are of critical functional importance for the formation of a functional external diffusion barrier in the gametophyte of Physcomitrella patiens (Renault et al., 2017) .
Cuticular surface structures reduce organ adhesions
In addition to organ fusions characterized by the presence of a single, fused epidermal cell wall, transient adhesions without cell wall fusions have been reported between floral organs during their development (Takeda et al., 2013) . These interactions are associated with the smoothing of the cuticle surface, for example of the cuticular ridges of the petal. These 'contact point imprints' have been identified in Arabidopsis mutants characterized by the presence of folded petals. These include folded petal mutants (fop mutants) carrying mutations in WSD11/FOP1, as well as in ABCG13/FOP2, but also the fdh mutant (Lolle and Pruitt, 1999; Takeda et al., 2013 Takeda et al., , 2014 . Imprints on the petal surface have also been called 'adhesion pads' and may be the result of weak interactions between epidermal surfaces. Interestingly, such modifications of the petal epidermal surface have been found very locally and sometimes only affecting the surface of part of a single epidermal cell, indicating that the mechanisms involved in organ adhesion might themselves act very locally (Lolle and Pruitt, 1999) . The identification of FOP1 as a member of the wax ester synthase/ diacyl glycerol acyltransferase (i.e. WDS11) was used to evoke the possibility that cuticular wax defects might cause adhesion pad formation. However, an involvement of this otherwise uncharacterized family member of WDS proteins in cutin formation cannot be excluded. Similarly, it is not known whether ABCG13 mediates both wax and cutin deposition in flowers, as is the case for ABCG11 in leaves (Bird et al., 2007; Panikashvili et al., 2010 Panikashvili et al., , 2011 . As described above, fdh mutants have both an altered wax and cutin deposition (Voisin et al., 2009) . Thus, whether both or only one of the cuticular components are involved in adhesion pad formation remains to be determined.
Potential mechanisms for organ adhesions
Organ adhesions leading to folded petals may be seen in the context of altered organ surface properties and structure. Both wax and cutin can contribute to surface properties by forming crystals or cuticular ridges. Altered surface properties of the cuticle might thus contribute to interactions between different organs that are closely juxtaposed. Such surface properties might be simply physical in nature; that is, the presence of cuticular ridges might prevent extended contacts between different surfaces and thus promote the gliding of petals relative to each other during their rapid growth phase (Fig. 2B) . Petals without cuticular ridges might undergo stronger surface interactions, possibly leading to petal folding (Takeda et al., 2014; Mazurek et al., 2017) . The proposed hypothesis that waxes may be implicated in altering organ surface properties early during organ development when cuticular ridges are still absent (Takeda et al., 2013) , while cutin forming cuticular ridges might be necessary later in floral development (Takeda et al., 2014) , will need further investigations.
It seems likely that organ adhesion and organ fusion are qualitative variants of the same process (Lolle and Pruitt, 1999) . Transient adhesions might occur when the cuticular permeability is not sufficiently increased to permit fusion or when organ juxtaposition is not maintained for long enough to allow fusion, for example where more mature organs come into contact for a limited time as they grow past each other, such as during petal outgrowth. In addition to cuticle permeability, the physical structure of organ surfaces is likely to have an important impact on organ adhesion and organ fusion processes.
To our knowledge, no organ fusion processes have been observed in roots so far. However, cell wall modifications have been identified in the root epidermis, in the form of diffuse suberin, and in the periderm, in the form of extensive suberin lamellation, potentially contributing to the prevention of organ fusion (Franke et al, 2005; Thomas et al., 2007; reviewed in Nawrath et al., 2013) .
Cuticles and their functions in the seed and the embryo
In contrast to the cuticle and its functions at the surface of the shoot epidermis in organs of primary growth stages, the cuticles contained within seeds are considerably less well understood (Fig. 3) .
In Arabidopsis, as in most angiosperms, the developing embryo is surrounded and nourished by the endosperm, which itself is enclosed within layers of maternal tissues. Epidermal identity within the embryo, and a functional cuticle, appear to be established early during embryo development and then maintained during plant development (Delude et al., 2016) . Meanwhile, the ovule (and, in the case of some seeds, other surrounding organs) first acts as a conduit, transporting nutrients to the endosperm and embryo, and ultimately form a protective structure that surrounds the embryo and endosperm when the seed is mature. The maternal tissues of many seeds contain polyesters conferring protective properties. These tissues usually dry and die during seed ripening. This is the case in Arabidopsis thaliana where the outer most living tissue of the mature seed is the residual endosperm. Interestingly, the endosperm has recently been shown to be encased in a thick cuticle that is involved in several processes central to seed biology, although the precise origins of this cuticle remain unclear (De Giorgi et al., 2015) .
Formation of the embryonic cuticle and establishment of epidermal identity
As highlighted previously in this review, the identity of shoot epidermal cells and the presence of a cuticle on the outer cell surface are two characteristics that are very hard to dissociate, in part because they are intricately interlinked at the genetic and developmental level and in part because loss of either a functional shoot epidermis, or a functional cuticle leads, ultimately, to lethality. Both the epidermis and the cuticle are propagated at the plant surface through periclinal divisions of existing epidermal cells, with the integrity of the cuticle being maintained by the continuous addition of new material as tissues expand. Although difficult to prove categorically, it is generally considered, based on a variety of experiments involving ablations, that the shoot epidermis (and thus the cuticle) arises only once in the sporophyte, and that this occurs during the earliest stages of embryogenesis. De novo epidermal specification, and thus cuticle formation, does not appear to occur during post-embryonic development, as reviewed previously (Javelle et al., 2011) . When a cuticle is injured, or a weak or misformed cuticle ruptures as in the fruit cuticle of the dcr mutant of tomato, wound suberin is formed, sealing the damaged surface (Lashbrooke et al., 2016) .
The developing plant embryo arises from a cell (the egg cell) embedded within the multicellular female gametophyte. In Arabidopsis, after double fertilization, the zygote expands into the fertilized central cell of the female gametophyte (the precursor of the endosperm), with which it shares a cell wall (which may show discontinuities) (Mansfield et al., 1991; Kasahara et al., 2005) . An asymmetric division then separates the apical cell of the embryo (which will give rise to the entire shoot and hypocotyl) from the basal cell. Analysis of the expression of genes known to be involved in epidermal specification (such as ATML1) suggests that the apical cell of the two-cell embryo may already have an epidermal (protodermal) identity (Lu et al., 1996) . Subsequent rounds of division of this cell see a restriction of ATML1 expression to cells in contact with the outer embryonic cell wall, suggesting that this wall could contain positional information required for fixing epidermal identity in the embryo (Lu et al., 1996; Takada and Jurgens, 2007) . In terms of cuticle formation, Fig. 3 . Cuticles in the developing seed. A schematized heart-stage seed of Arabidopsis thaliana is shown. The embryo (em) is shown in white, with the suspensor shaded dark gray and the embryo cuticle in blue. The endosperm is hatched. The maternally derived inner integument (ii) and nucellus (n) are shown in white with the endothelium individually labeled. The position of the endosperm-associated cuticle, which is found between the endothelium and the endosperm, is highlighted in green. The discontinuous cuticle in the zone of fusion between the inner integument and the outer integument (gray; oi) is indicated by a discontinuous orange line. Finally the position of the cuticle of the outer cell layer of the seed coat (outer epidermis of the oi) is highlighted in red.
relatively little is known about timing; however, staining with the lipophilic dye auramine O suggests that a visible cuticle can be observed in the globular embryo of Arabidopsis, but not at the pro-embryo stage, and thus that epidermal cell fate specification precedes cuticle formation during early embryogenesis (Szczuka and Szczuka, 2003) . TEM shows that by the time the embryo has reached the late-heart/torpedo stage of embryogenesis, an intact cuticle surrounds the embryo (Tanaka et al., 2001; Yang et al., 2008) that is maintained thereafter (Fig. 1D) . By this time, the embryo has also separated from the surrounding endosperm, which has started to degenerate (Fourquin et al., 2016) . Although the embryonic cuticle covers much of the embryo surface, it appears to be absent from the suspensor (arising from the basal cell of the two-cell embryo), and from the embryo root pole (Fig. 3) .
The de novo production of a functional cuticle by the embryo while it is enclosed within the endosperm (and thus fully isolated from environmental cues) may pose a unique set of problems that are not encountered during post-germination development, where all epidermal surfaces are covered by cuticles and are juxtaposed by other organs with cuticlecovered surfaces. In support of this, several genes specifically necessary for ensuring embryonic cuticle integrity but not required for cuticle formation after germination have been identified. These include the endosperm-specific transcription factor ZOU and its cofactor ICE1 (Yang et al., 2008; Denay et al., 2014) and their (indirect) target ALE1, which encodes a subtilisin serine protease (Tanaka et al., 2001) . These factors act in the same genetic pathway as the receptor-like kinases GSO1 and GSO2, leading to the proposition that endospermembryo communication is necessary for proper embryonic cuticle formation (Xing et al., 2013) . Intriguingly, GSO1 (also known as SCHENGEN3) has recently been implicated in ensuring the integrity of another apoplastic barrier, the Casparian strip, suggesting that certain signaling components could be conserved in monitoring the formation of apoplastic barriers during their formation (Pfister et al., 2014) .
Although it is clear that the presence of an intact cuticle covering the cotyledons and hypocotyl at germination is critical for seedling survival, especially in epigeal species such as Arabidopsis, the role of the embryonic cuticle in the developing seed is less well understood. Synergistic genetic interactions between gso1 gso2 mutants, ale1 mutants, and mutants involved in the specification of embryonic epidermal identity (such as atml1 and acr4), have been interpreted as suggesting that the presence of a functional embryonic cuticle could be important in preventing the loss of developmentally important molecules, such as signaling peptides potentially involved in maintaining epidermal identity, from the developing embryo (Moussu et al., 2013; San-Bento et al., 2014) . However embryo cuticle permeability to smaller physiologically important molecules, such as sugars and amino acids, has not been measured, and the effect of this apoplastic barrier on nutrient absorption from the endosperm is therefore unclear. In hypogeal species, such as pea, the cotyledon surface is dedicated to nutrient absorption, and shows no obvious cuticle (Borisjuk et al., 2003 (Borisjuk et al., , 2004 . Interestingly, in Arabidopsis, many nutrient transporters are preferentially expressed in the suspensor (where there is no visible cuticle) during early development, and it is possible that the basal zone of the embryo (suspensor and root pole) could be a key element for nutrient transport (Kawashima and Goldberg, 2010) . However, this question remains to be clarified.
In addition to its role during seed development and in ensuring seedling viability, the embryonic cuticle also appears to play roles during seed germination. Recently genes involved in cutin biosynthesis have been identified as regulatory targets of the signaling pathways of gibberellins (GAs) and ABA that control seed germination (De Giorgi et al., 2015; Rombolá-Caldentey et al., 2014) . It has been shown that GA regulation of a GDSL lipase-encoding gene (LIP1), as well as other genes known to be involved in cutin biosynthesis (such as FDH and KCS20), is mediated by ATML1 and its close ortholog PDF2 following their release from interactions with DELLA proteins that are degraded in response to GA. Based on the expression patterns of ATML1 and PDF2, this regulation probably occurs in the hypocotyl epidermis of the developing embryo (Rombolá-Caldentey et al., 2014) . However, as discussed below, other cuticles within the seed have also been implicated in the control of seed germination.
The endosperm-associated cuticle and its potential roles in seed biology
Investigations of the cell wall ultrastructure of the mature Arabidopsis seed recently revealed a cuticle of ~315 nm thickness at the interface between the surface of the endosperm and surrounding maternally derived tissues ( Figs 1G, 3 ). This cuticle is ~10 times thicker than the cuticle of leaves and 3-4 times thicker than the cuticle of stems (Nawrath et al., 2013; De Giorgi et al., 2015) (Fig. 1A, B) . The ultrastructure of this cuticle is modified in the bdg mutant (Fig. 1H ), which has also been shown to affect cuticle formation in leaves. In addition, the endosperm-associated cuticle of bdg mutants was found to be more permeable than in the wild type which was visualized by staining with toluidine blue (De Giorgi et al., 2015) . Testa rupture under low GA conditions was observed in bdg and lacs2 mutants. This was associated with abnormal swelling of endosperm cells, suggesting that the endospermassociated cuticle may regulate water uptake by these cells to prevent testa rupture prior to germination under low GA conditions (De Giorgi et al., 2015) .
Although in mature seeds the endosperm-associated cuticle is present at the endosperm surface, it is important to note that it arises at the interface between the endothelium of the inner integument, a cell layer of epidermal origin (thus pre-programmed to produce a cuticle) that is dead at seed maturity, and the endosperm. An inspection of in silico data suggests that many key enzymes implicated in cuticle biogenesis, including BDG, are not significantly expressed in the peripheral endosperm, either before or after germination, although up-regulation in the embryo during germination is observed (Winter et al., 2007; Bassel et al., 2008) . In contrast, these same genes are very strongly expressed in the developing seed coat and embryo. It is therefore tempting to speculate that at least some of the endosperm-associated cuticle is maternal in origin. Furthermore, germination defects in mutants could potentially also be due either to changes in the embryo cuticle or to structural defects in dead maternal tissues that do not involve the endosperm-associated cuticle.
In addition to affecting germination, the endosperm-associated cuticle has been proposed to affect both seed viability and dormancy. Seeds may lose viability after extended storage periods, a process that has been correlated to oxidation events (Sano et al., 2016) . Mutants having a permeable endosperm cuticle have a shorter seed viability, potentially due to an increased exposure to environmental oxygen damaging the embryo in the endosperm cuticle mutant faster than in wild-type plants (De Giorgi et al., 2015) . However, the relative roles of the embryo and endosperm-associated cuticle in this defect are again unclear. Furthermore, seeds can lose dormancy after an extended dry period, a process that is again correlated with oxidation events (Née et al., 2017) . Mutants having a permeable endosperm-associated cuticle appear to lose dormancy faster than wild-type plants, again possibly due to increased oxidation. In accordance with this, markers of oxidation processes, such as esterified fatty acid hydroxides, accumulate to higher levels in endosperm cuticle mutants (De Giorgi et al., 2015) .
When does the endosperm-associated cuticle arise? Histological studies of ovules and early seeds suggest that a cuticle exists between the developing endosperm and the endothelium from early after fertilization, and extends around the whole of the endosperm, with the exception of the chalazal pole (Beeckman et al., 2000) (Fig. 3) . Consistent with this, the ATT1 promoter has been shown to be active in the early developing endothelium (Molina et al., 2008) . The presence of a potential barrier to apoplastic exchanges between the early endosperm and the embryo again raises important questions regarding physiological effects on the transport of nutrients such as sugars and amino acids, which have been proposed to cross the seed coat/endosperm boundary in the embryosurrounding region in both Arabidopsis and Brassica napus (Morley-Smith et al., 2008; Chen et al., 2015; Müller et al., 2015) . More recently, a flow of auxin from the endosperm to the seed coat has also been postulated (Figueiredo et al., 2016) . Again, however, no measurements of the permeability of this barrier to small molecules have been undertaken, and as a result this question remains unanswered.
In summary, the endosperm-associated cuticle appears to act mainly as a diffusion barrier in mature seeds, modulating seed germination processes and protecting the embryo from various oxidation processes that are of importance for seed biology (De Giorgi et al., 2015) . Its role during early seed development remains unclear.
Other cuticles of the seed coat
In Arabidopsis, the seed coat develops from the integuments of the ovule, and therefore contains four cell layers of epidermal origin, the surfaces of three of which are fused either to an adjacent epidermal surface (fusion between the outer layer of the inner integument and the inner layer of the outer integument) or via a cell wall of complex ontogeny (incorporating the degenerated distal nucellus) to the surface of the endosperm (the case of the inner layer of the inner integument, also known as the endothelium, discussed above) (Fig. 3) . Seed coat development is associated with complex cell wall modifications that are involved in generating its protective properties. Lipid polyesters have been characterized in the seed coat of Arabidopsis and Brassica (Molina et al., 2006) . Analysis of genes that are involved in polyester formation indicate that the ATT1 gene encoding the cytochrome P450 CYP86A2 associated with cutin formation in leaves is expressed in the endothelium, while GPAT5 encoding a glycerol-3-phosphate acyltransferase involved in suberin formation is expressed in the inner layer of the outer integument (Molina et al., 2006 (Molina et al., , 2008 . Consistent with the fact that it is a zone of fusion between two epidermal surfaces, traces of cutin-like material within the cell wall between the inner and outer integument have been identified during early postfertilization seed coat development, although these appeared fragmented (Creff et al., 2015) (Fig. 3) . Furthermore, suberin lamellae have been observed at the outer integument in mature seeds (Yadav et al., 2014; Gou et al., 2017) , and numerous suberin-associated genes have been identified to be strongly expressed between day 11 and 15 after fertilization, thus much later in seed development (Gou et al., 2017) . Unfortunately, systematic and detailed investigations of the ultrastructure of the cell walls of the seed coat as it develops have not yet been performed.
It seems likely, given its epidermal origin, that a cuticle also covers the outer surface of Arabidopsis seeds (Fig. 3) , although, surprisingly, this cuticle has not been characterized in great detail. This may be because the seed surface undergoes extensive alterations during development due to the differentiation of mucilage-secreting cells, the cell walls which are designed to hydrate rapidly and rupture upon exposure of mature seeds to water. This could mean that seed surface cuticle material is modified or lost during seed development. Interestingly, a cuticle-like structure has been identified on the surface of the seed coat of dcr mutants lacking expression of an acyltransferase of the BAHD family involved in cutin formation (Panikashvili et al., 2009) . Mutant seeds show a lack of mucilage hydration and release, suggesting that DCR could be involved in the modification of the outer extracellular matrix to allow hydration and mucilage release, thus potentially influencing seed hydration and germination properties. Seed coats of developing seeds of dcr mutants were found to stain more easily with the hydrophilic dye toluidine blue, and fusions between seeds have been reported, suggesting that, at least during seed development, dcr seeds are more permeable than their wild-type counterparts (Panikashvili et al., 2009) . The broad expression pattern of DCR in the seed and presence of misshaped seeds could be used to argue that dcr mutant seeds may also have defects of other seed cuticles potentially including both the embryo cuticle and the endosperm-associated cuticle (Panikashvili et al., 2009) .
Although the development and modification of the cuticle of the outer cell layer of the seed coat in Arabidopsis remains ambiguous, a recent article implicated the outer cuticle of Medicago truncatula seeds in the regulation of a phenomenon known as 'physical dormancy' in legumes. Many legume seeds, including those of Medicago, do not secrete mucilage and are protected by a thick outer cuticle that retards seed hydration. Mutants showing defective outer cell layer differentiation, and in particular cuticle deposition, were shown to have massively reduced physical dormancy and to undergo abnormally rapid hydration and germination in conditions of high humidity (Chai et al., 2016) .
In summary, developing seeds contain multiple epidermal surfaces that have the capacity to deposit cutin-based apoplastic modifications. These modifications probably have profound implications for both embryo and seed development (in terms of regulation of tissue fusion and intertissue communication/nutrient transport), and also in the physiology of mature seeds (dormancy, longevity, and germination). However, given the fact that similar enzymes appear to be involved in the pre-and post-germination modification of multiple seed cuticles, it is currently difficult to attribute specific functions definitively to specific cuticular structures within the seed. In the future, as a first step, it will be interesting to use genetic crossing to separate out the functions of maternally derived cuticles (within the seed coat) from zygotically derived cuticles (from the embryo and/or endosperm).
When cuticles get in the way
During plant development, many processes have been described during which a functional cuticle, i.e. a diffusion barrier is necessary, and where increasing the permeability of the cuticle, or removing it, has strong negative impacts. However, there exist several processes during which a cuticle appears to have an inhibiting role. One such process has been touched upon in the previous section. The cuticle at the surface of the Arabidopsis seed appears to be modified in order to allow rapid hydration of mucilage-containing cells upon seed imbibition, and alterations of this particular structure can inhibit this process. The precise nature and molecular mechanisms of the modifications/modifiers involved remain uninvestigated. However, similar phenomena have been investigated in other tissues.
Cuticle degradation during stigma-pollen interactions
As in other aerial tissues, the cuticle of the highly modified epidermal cells that form the receptive stigmatic papillae in socalled 'dry' stigmas, such as in Arabidopsis, protects this tissue from dehydration and from adverse environmental conditions. However, during pollen reception, water must pass rapidly from the stigmatic papillae to pollen grains to allow their hydration and germination. For this process to occur, it is critical that the cuticle is locally modified in the presence of appropriate pollen. Several esterases and cutinases acting in pollen-stigma interactions have been identified as being involved in this process (Maiti et al., 1979; Hiscock et al., 1994 Hiscock et al., , 2002 Takahashi et al., 2010) , suggesting that an active degradation of the cuticle is necessary for the hydration of pollen on a dry stigma and subsequent penetration of the pollen tube through the stigma cuticle. Cuticle DEstroying Factor (CDEF) that encodes a cutinase is expressed in mature pollen and outgrowing pollen tubes (Takahashi et al., 2010) . Ectopic expression of this protein in vegetative organs leads to cuticle defects, providing the opportunity to study cutin degradation in more detail. The likely importance of cuticle permeabilization for pollen hydration is underlined by the fact that numerous cuticle mutants support abnormal pollen germination not only on stigmas but also on their leaves, presumably by allowing access to water and nutrients (Lolle and Cheung, 1993; Yephremov et al., 1999; Sieber et al., 2000; Wellesen et al., 2001; Kurdyukov et al., 2006a) and thus mimicking in vitro germination of Arabidopsis pollen (Fan et al., 2001; Hirsche et al. 2017) .
Cuticle modification during carpel fusion
Functional cuticles, as explained in detail above, are critical for the prevention of organ fusion. However, organ fusion is an important element in the plant developmental tool box. Again examples are found in the seed, where the inner and outer integuments of the ovule fuse during their development (e.g. in Arabidopsis). In cereals, these fusions go further, with integuments fusing to carpels to form the pericarp and, in hulled varieties, the pericarp fusing to further floral organs. Cuticle alterations between the hull (formed from floral organs) and the pericarp have been evoked to explain the trait of hull-less grains that appeared during cereal domestication (Taketa et al., 2008; Duan et al., 2015) .
During the development of the flower, several organ fusion processes take place (Verbeke, 1992) . Although it has been proposed that organ fusion mutants with cuticle defects express an ectopic organ fusion program, evidence for this is weak, especially since carpel fusion not only involves cuticle breakdown (Walker, 1975) , but also the dedifferentiation of underlying epidermal cells, a phenomenon not usually seen in cuticle mutants producing organ fusions (Lolle and Pruitt, 1999; Pruitt et al., 2000; Sieber et al., 2000) . Carpel fusion has thus been recognized to be a complex, multistep developmental program Vialette-Guiraud et al., 2016) during which the cuticle is actively modified or degraded. Loss of cuticle has been proposed to promote tissue-tissue signaling during organ fusion. Frustratingly, however, although a series of elegant experiments carried out >30 years ago implicated the movement of a mobile signal between fusing carpel surfaces in the epidermal dedifferentiation process in Catharanthus (Verbeke and Walker, 1986) , the signal involved still needs to be determined.
Dual function of cuticles as physical surfaces and diffusion barriers
Studies of cuticle formation in Arabidopsis have revealed that very distinct types of cuticles (in terms of thickness, structure, composition, and properties) are produced on different organs of the same plant. These different cuticle types probably evolved to fulfill specific physiological and developmental roles. Some of these potential roles have been discussed above. The findings highlight that cuticles have multiple functions that cannot easily be separated from each other. Importantly, while they form diffusion barriers that regulate molecular movement, they must reconcile this function with that of forming a functional organ surface having particular physical properties.
Relevance of the different cuticular components A dominant role for cutin
The roles of cuticles in plant development have, for the most part, been elucidated in mutants affected in cutin biosynthesis. Little is known about either the composition or physiological importance of wax impregnations of the cuticle in primordia or of cuticles that are not exposed to the environment. Studies of regulatory transcription factors indicate that cutin is likely to be the first component integrated into the cuticle, with wax deposition following only later (Kannangara et al., 2007) . In monocots, cutin and wax biosynthesis are spatially more separated than in dicots, and it has been shown that the permeances of small molecules (such as 14 C-labeled benzoic acid) through the cuticle greatly drop only when wax starts to be integrated in the cuticle (Viougeas et al., 1995; Hauke and Schreiber, 1998; Richardson et al., 2007) . This opens up important questions about the potential mechanisms that prevent organ fusions in the elongation zone of young monocot leaves, and again suggests that the presence of cutin alone or of extremely low amounts of wax may be sufficient to prevent organ fusions. As discussed previously, one possibility may be that non-diffusible signals are involved (Lolle and Pruitt, 1999) . These might include surface polysaccharides (including pectins) which could, in the wild-type situation, be masked by cutin deposition. Thus, cutin directly linked to the polysaccharides of the cell wall may be a functionally more important component of the cuticle early during development. Alternatively, wax-less cuticles may have a higher 'size exclusion limit' than cuticles impregnated with wax. Thus, diffusible signals of relatively high molecular weight, such as peptides, could be excluded by a cuticle having a high permeability to smaller molecules, such as a cuticle composed of cutin alone (Schreiber, 2010) . Finally, the limited evidence for the contribution of wax to developmental processes could also be explained, in part, by the more pronounced redundancy in the wax biosynthetic pathway. Changes in wax composition in mutants may, in many cases, not cause sufficiently large changes in cuticle properties to lead to significant developmental phenotypes.
Relevance of the cell wall-cuticle interface
A tight attachment of the cuticle to the polysaccharide cell wall can be observed in TEM images, suggesting that these two components of the apoplast could be directly covalently linked (Jeffree, 2006; Nawrath et al., 2013) . Another possibility that has very recently been proposed is that the interaction between the hydrophobic cutin matrix and the cell wall is mediated by dedicated proteins. The Lipid Transfer Protein LTP2 was shown to mediate cuticle-cell wall interactions in etiolated hypocotyls, and it was proposed that this could be achieved through interactions of positively (polarly) charged LTP2 both with the negatively charged pectin matrix and, through its hydrophobic lipid binding pocket, with cutin (Jacq et al., 2017) . An emerging alternative model of cuticle architecture suggests that at least in some plants, such as Eucalyptus species, the cuticle does not form a separate layer but could be embedded within the cell wall resulting in a modified, lipid-rich, cell wall (Guzmán et al., 2014; reviewed in Fernández et al., 2016) . Nevertheless, although the rwa2 mutant affecting cell wall acetylation causes a modified permeability of the trichome cuticle, as well as alterations in trichome morphology indicating that interactions between the cell wall and the cuticle are possibly of functional relevance (Nafisi et al., 2015) , no cell wall mutants have been identified that affect the developmental functions of the cuticle. Cuticle-cell wall attachments may play an important role for the formation of the cuticle surface structure, such as cuticular ridges. A buckling model has been developed for the formation of cuticular ridges, suggesting that they are selforganized structures that form when a soft material (i.e. the cuticular polyester) is increasingly deposited on a stiffened well-organized support layer (i.e. the cell wall) and is strongly attached to it (Antoniou Kourounioti et al., 2013) . Consistent with this idea, the appearance of cuticular ridges on sepals correlates with the end of cell expansion (Hong et al., 2017) . The model is well supported by mutants and transgenic plants in which the amount of cutin is modulated. For example, the increased cutin load on leaves in Arabidopsis plants expressing 35S::SHINE leads to cuticular ridge formation on leaf epidermal cells that are usually smooth (Aharoni et al., 2004) , while a reduced cutin load on petals leads to reduction of cuticular ridges of lacs2 mutant plants (Mazurek et al., 2017) . However, mutants that alter the cutin network, potentially releasing the compression in the cuticle in a different manner (i.e. by increasing the cuticle width), or that alter the cell wall-cuticle interface do not allow buckling to occur normally. This is seen in the petal cuticles of dcr, cyp77a6, gpat6, and cus2 mutants (Li-Beisson et al., 2009; Panikashvili et al., 2009; Hong et al., 2017; Mazurek et al., 2017) .
Conclusions and perspectives
In recent years, research on diffusion barriers present in the plant apoplast has flourished, including the development of a multitude of refined methods for characterizing the composition and molecular features of cutin (Bonaventure et al., 2004; Philippe et al., 2016; Yang et al., 2016; Mazurek et al., 2017) , as well as the properties and (ultra)structure of the cuticle (Ballmann et al., 2011; Buda et al. 2009; Dominguez et al., 2011; Serra et al., 2012; Chatterjee et al., 2016; Sadler et al., 2016; Shumborski et al., 2016) . These techniques will continue to advance our understanding of the relationship between the structure and function of specific cuticles in the near future.
In this review, we have highlighted that plants form several types of cuticles that play a crucial role for the proper development of the plant. Barely anything is known about their composition, structure, and physical properties as they are very delicate and often deeply hidden within other delicate plant structures. Most of the above-mentioned methods/techniques require both the availability of substantial amounts of cuticular material and ease of accessibility of the cuticle on the surface of an organ, and can thus not be applied to the cuticles discussed here. In order to better understand the molecular mechanisms underlaying cuticle-dependent developmental processes, the development of methods to determine their diffusion properties will be critical.
Suberin has been recently shown probably to function as a molecular filter whose deposition can be regulated in response to nutrient availability (Barberon et al., 2016) and may thus play a direct role in regulating nutrient acquisition in the root. Cuticles also change their composition and structure during development and in response to environmental cues. The identification of the molecules for which cuticles potentially act as molecular filters during developmental processes will be a major challenge. For example, oxygen and auxin permeability of the seed coat have been hypothesized to be crucial for the development of seeds (De Giorgi et al., 2015; Figueiredo et al., 2016) . How are these characters modulated? For other cuticles the generation of an appropriate surface structure (e.g. cuticular ridges) appears to be critical for normal development (Takeda et al., 2013 (Takeda et al., , 2014 Mazurek et al., 2017) . How is the balance between cutin biosynthesis and cell wall rigidity controlled to allow buckling to progress correctly? Finally several 'novel' cuticles have recently been characterized in more detail (De Giorgi et al., 2015; Chai et al., 2016) . For cuticles in developing seeds, such as the endosperm-surrounding cuticle, the challenge is to identify their developmental origins, specific functions, and physiological characteristics (such as permeability) during seed development.
In a scientific climate where molecular sensor development is increasingly in vogue, the future of research into the roles of cuticles in plant development may depend upon the development of innovative genetically encoded tools allowing the non-invasive in vivo assessment of apoplastic barrier permeability to molecules of specific size ranges at defined developmental time points. Such tools could allow an unprecedented vision of the diversity of cuticular properties in the inaccessible developing tissues of both wild-type and mutant plants, but their development still represents a considerable conceptual and technical challenge.
